Dilute magnetic semiconductor (DMS) is an attractive choice for electrical spin injection and detection into semiconductors for solving one of the major obstacles of conductivity mismatch between conventional ferromagnets and semiconductors. Transition metal doped DMSs like GaMnAs have been used as a spin injector for GaAs up to 110 K. 1 However, it is necessary that the Curie temperature (T c ) of the spin injector to be above 300 K for useful room temperature applications. It is predicted that large band-gap semiconductors like GaN will be conducive towards high T c ferromagnetic semiconductors if doped with transition metals. 2, 3 These predictions are validated by the reports of GaMnN grown by molecular beam epitaxy, having T c above room temperature. 4 Recently, we have demonstrated that thermal diffusion of Cr in GaN results in a dilute magnetic semiconductor, which is ferromagnetic at room temperature with electronic conductivity due to mobile electrons. 5 Mn-doped GaN have been used favourably as a spin injector for GaN in the presence of outof-plane magnetic field; 6 however, such attempts with GaCrN have been turned out to be unproductive so far. 7 The easy magnetization axis of the DMS thin films are in-plane and the need to apply large magnetic fields to obtain perpendicular magnetization 17, 18 does not arise for edge emitting spin light emitting diode (spin-LEDs) employing ferromagnetic semiconductors as the spin injecting contact.
14 Applying a high magnetic field ($few Tesla) to rotate the magnetization out of the plane can lead to artificial circular polarization of the emitted electroluminescence (EL) due to Zeeman splitting and magnetic circular dichroism (MCD). Eventually, using the remanent magnetization of the DMS for introducing the spin polarized carriers is aspired. Co/Pt and Fe/Tb multilayer contact exhibit perpendicular magnetic anisotropy and has been used for remanent state spin injection. 15, 16 Nevertheless, it involves a challenging fabrication process to incorporate the metallic multilayer for out-of-plane spin injection in Faraday geometry. The aim of the present work is to demonstrate electron spin injection using the n-type GaCrN in an edge emitting spin-LED, where the spin polarized electron will recombine with holes in the intrinsic active region and emit circularly polarized light. The electrical and optical emission properties of the GaCrN LED are determined through the current versus voltage, luminosity versus current, and spectral response characteristics. The circular polarization of the emitted light is measured for different operating temperatures, and it is found to be 6% at 5 K. Circular polarization is sustained for temperatures as high as 200 K.
The spin-LED is fabricated from a heterostructure grown by metal organic chemical vapour deposition (MOCVD) on c-plane sapphire substrate as shown in Fig. 1(a) . An un-doped GaN layer of 1.5 lm thickness is grown on a 25 nm low temperature GaN buffer. This is followed by the LED structure consisting of Si-doped GaN, hole blocking layer of Si-doped Al x Ga 1Àx N, GaN of 70 nm thickness, the active layer In x Ga 1Àx N/In y Ga 1Ày N wide quantum well (QW), electron blocking layer (EBL) of p-type Al x Ga 1Àx N, and 220 nm Mg doped GaN followed by 10 nm heavily doped p-GaN for the ease of forming a p-Ohmic contact. The active region is made up of 40 nm In x Ga 1Àx N (x ¼ 0.1) wide quantum well with 10 nm In y Ga 1Ày N (y ¼ 0.01) barrier. For spin detection in edge-emitting QW spin-LED, where the in-plane remanence magnetization of the spin injecting contact is to be utilized, the well needs to be wide and bulk-like. 14 In that case, the light-and heavy-hole bands remain degenerate in the QW and have a component of the angular momentum parallel to the injected electron spin. When the spin polarized carriers recombine angular momentum is conserved in the bulk-like well and the usual optical orientation rules apply. Using InGaN as the barrier material has advantages, 8 like smaller polarization fields in the QW, which in turn lead to less efficiency droop and quantum confined Stark effect (QCSE). Further, spin relaxation is expected to be less compared to that in InGaN/GaN quantum wells. 9 The electron and hole blocking layers are of 20 nm and 80 nm thicknesses, respectively. Using a smaller mole fraction of In impurity has possibly translated to longer spin relaxation times in the InGaN active region of the optical spin detector, while others have failed to detect any spin signal in InGaN-based GaCrN or GaMnN devices. 7, 9 A band-diagram under a typical bias condition is shown in Fig. 1(b) . Heterostructures are also grown for control devices with non-magnetic n-contact (Ti/Al/Ni/Au annealed at 825 C) and narrow quantum well devices with GaCrN contact.
Photoluminescence (PL) study using a 325 nm He-Cd laser excitation source is performed on the sample at low temperature. The quality of the heterostructure is an important consideration, since spin relaxation is enhanced for higher defect densities in the InGaN active region; besides, in high strain structures having lattice mismatch between the wells and barriers, the resultant piezoelectric fields lead to efficient Rashba spin depolarization and enhanced ElliotYafet (EY) spin relaxation. 9 Figure 1(c) shows the PL spectrum at 200 K of the LED heterostructure subjected to 80 cycles of annealing, similar to the cyclic high temperature step involved in the device fabrication described later. The 2.97 eV peak have a full width at half maximum (FWHM) of 61 meV, while the 3.03 eV peak shows a FWHM of 53 meV. The PL lines show a blue shift after the annealing step since some of the In-impurity from the well would have diffused out thus increasing the band-gap. These peaks could have its origin related due to the slight variations in the well composition. A mole fraction deviation of around 0.01 can result in the observed peaks. The little spread in the mole fraction could be created during the thermal cycling for diffusing Cr in GaN. The broad yellow emission is possibly associated with silicon impurity states in GaN. 19 The spin-LED fabrication commenced with the mesa formation by inductively coupled reactive ion etching (ICP RIE) to define the device active area. Patterning the exposed n-type GaN layer to create a window on it was done using electron-beam lithography tool. Subsequently, Cr was deposited in the electron beam evaporator on the patterned n-GaN, excess Cr removed by lift-off and annealed by rapid thermal processing to allow thermal diffusion and activation of the dopants to form the injector. 5 The remaining Cr-metal was removed by wet etching and the p-type Ohmic contact materials Ni/Au (20 nm/20 nm) were deposited on the patterned p-region. The p-contact is annealed at 500 C for 60 s in O 2 ambient for the formation of Ohmic contact. It may be noted that he LED device structure, shown in Fig. 1 , has been designed such that the emitted light does not interact with the GaCrN ferromagnetic region to ensure the MCD is completely eliminated. Also, the probability of Cr diffusing into the active region is completely alleviated. It may further be noted that the spin transport length for injected spin polarized carriers may actually be less than the geometric minimum transport length of 1 lm due to lateral diffusion of Cr in GaN.
The sample was probed for I-V and L-I measurements at room temperature as well as for the spectral response. The current-voltage characteristic is shown in Fig. 2(a) . A typical L-I characteristics is shown in Fig. 2(b) . The EL spectrum from the light emitting diode is characterized at 200 K to ensure that the emission originates from the desired active region. It is observed in Fig. 2(c) that there are two diffused peaks having a separation of about 100 meV in the EL spectrum for bias currents of 15 mA, 20 mA, and 40 mA. These peaks may be attributed to optical transitions between the excited electronic states in the conduction band and the excited hole states in the valence band. The same reasoning explains the broad EL spectrum compared to the sharp PL peaks in Fig. 1(b) . The EL spectrum broadens when bias current is increased since the higher excited states in the QW are involved in the radiative transitions. Similar observations were previously reported for InGaN/GaN multiple quantum wells for high injection currents. 10 There is negligible EL signal at the GaN band edge energy indicating that most of the recombination occurs in the quantum well. The blue shift of the EL peaks compared to the PL peaks can be attributed to screening of the polarization interface charges with bias leading to flatband condition. Theoretical simulations are also carried out for the same heterostructure and the peak of the spectral response matches closely with the experiment, providing further confirmation of electron-hole recombination in the active region. The effect of the annealing step is not included in the simulation and therefore simulated data show a narrow peak. The sample was loaded in a magneto-optical cryostat for measuring the output circular polarization using a photoelastic modulator, linear polarizer, detector, and lock-in amplifier. The polarization is measured on the integrated intensity through a detector. The in-plane magnetic field is varied keeping the bias current in the LED device constant at 15 mA and output circular polarization is measured (Fig. 3) . The detected polarization saturates at 6% for magnetic fields greater than $5000 Oe at 5 K. The output polarization closely follows the normalized M-H curve of GaCrN taken at the same temperature in a SQUID as shown in Fig 3(a) . The saturation polarization is found to be $2.5% at 200 K (Fig. 3(b) ). The output circular polarization follows the magnetization curve at 200 K as in the previous case. The polarization for the two individual peaks at 3.24 eV and 3.07 eV are found to be 3.1% (6.8%) and 1.8% (5.4%) at 200 K (5 K), respectively. Measurements on control LEDs with non-magnetic n-contact and narrow quantum-well devices with GaCrN contact do not show any significant polarization over the magnetic field range used here. This confirms electrical injection of spin-polarized carriers into GaN using GaCrN as the spin injector. The measure of circular polarization is essentially the optical path to confirm electrical spin injection into and transport through the semiconductor channel. Due to the absence of a mesa beyond the GaCrN contact, the spin polarized electrons diffuse away from the active region. Therefore, the measured polarization values are a lower limit to the obtainable output polarization. 11, 12 Room temperature polarization is not obtained owing to relaxation of the injected spin population over the significantly longer transport length than what can be accommodated for high temperature operation in bulk n-type GaN. 13 In summary, we have demonstrated a spin-LED using GaCrN as a spin injector. We have established GaCrN as a viable dilute magnetic semiconductor that can introduce a non-equilibrium electron spin population in GaN for temperatures as high as 200 K. We have comprehensively characterized the optical and electrical operation of the diode as well as the diode heterostructure. In future, thermally doped Cr in GaN may be used as an efficient room temperature spin injector for various spintronic applications. 
